The oncoproteins MDM2 and MDMX negatively regulate the activity and stability of the tumor suppressor protein p53-a cellular process initiated by MDM2 and/or MDMX binding to the Nterminal transactivation domain of p53. MDM2 and MDMX in many tumors confer p53 inactivation and tumor survival, and are important molecular targets for anticancer therapy. We screened a duodecimal peptide phage library against site-specifically biotinylated p53-binding domains of human MDM2 and MDMX chemically synthesized via native chemical ligation, and identified several peptide inhibitors of the p53-MDM2/MDMX interactions. The most potent inhibitor (TSFAEYWNLLSP), termed PMI, bound to MDM2 and MDMX at low nanomolar affinities-approximately 2 orders of magnitude stronger than the wild-type p53 peptide of the same length (ETFSDLWKLLPE). We solved the crystal structures of synthetic MDM2 and MDMX, both in complex with PMI, at 1.6 Å resolution. Comparative structural analysis identified an extensive, tightened intramolecular H-bonding network in bound PMI that contributed to its conformational stability, thus enhanced binding to the 2 oncogenic proteins. Importantly, the C-terminal residue Pro of PMI induced formation of a hydrophobic cleft in MDMX previously unseen in the structures of p53-bound MDM2 or MDMX. Our findings deciphered the structural basis for highaffinity peptide inhibition of p53 interactions with MDM2 and MDMX, shedding new light on structure-based rational design of different classes of p53 activators for potential therapeutic use.
p 53 is best known as a tumor suppressor that transcriptionally regulates, in response to cellular stresses such as DNA damage or oncogene activation, the expression of various target genes that mediate cell-cycle arrest, DNA repair, senescence or apoptosis-all of these cellular responses are designed to prevent damaged cells from proliferating and passing mutations on to the next generation (1) (2) (3) . In 50% of human cancers, p53 is defective due usually to somatic mutations or deletions primarily in its DNA-binding domain and, to a lesser extent, to posttranslational modifications such as phosphorylation, acetylation and methylation that affect p53 function and stability. Altered p53 fails to regulate growth arrest and cell death upon DNA damage, directly contributing to tumor development, malignant progression, poor prognosis and resistance to treatment (4) . Conversely, restoring endogenous p53 activity can halt the growth of cancerous tumors in vivo by inducing apoptosis, senescence, and innate inflammatory responses (5-7).
As p53 mediates growth arrest and apoptosis, it is essential to keep its activity in check during normal development (2) . Multiple mechanisms exist to negatively regulate p53 activity, among which the E3 ubiquitin ligase MDM2 and its homolog MDMX (also known as MDM4) play a central regulatory role in the developing embryo and in mature differentiated cells (8, 9) . MDM2 consists of 491-aa residues, comprising an N-terminal p53-binding domain, a central domain preceded by nuclear export and localization signals essential for nuclear-cytoplasmic trafficking of MDM2, a zinc finger domain, and a C-terminal zinc-dependent RING finger domain that confers E3 ubiquitin ligase activity (10) . Structurally related to MDM2, MDMX of 490-aa residues possesses domain structures arranged similarly to MDM2, except that MDMX lacks ubiquitin-ligase function (11, 12) . Growing evidence supports that in unstressed cells MDM2 primarily controls p53 stability through ubiquitylation to target the tumor suppressor protein for constitutive degradation by the proteasome (13, 14) , whereas MDMX mainly functions as a significant p53 transcriptional antagonist independently of MDM2 (15, 16) . Under stress conditions, MDM2 and MDMX cooperate to activate p53 through mechanisms involving both MDM2 autodegradation (autoubiquitylation) and MDM2-depedent degradation of MDMX (17) (18) (19) (20) .
In many tumors, p53 is present in its wild-type form. The presence of wild-type p53 strongly correlates to amplification and/or over-expression of MDM2/MDMX, resulting directly in p53 suppression and malignant progression (8, 9) . Inhibition of the p53-MDM2 interactions by MDM2 antagonists has been shown both in vitro and in vivo to reactivate the p53 pathway and selectively kill tumor cells in a p53-dependent manner. Acting synergistically in tumor cells, MDM2 and MDMX have become 2 of the most attractive molecular targets for anticancer therapy. Toward this end, much of the current efforts have been focused on combinatorial library search for and structure-based rational design of low molecular weight inhibitors that target the Nterminal p53-binding domains of MDM2 and MDMX (21) . Successful examples include, but are not limited to, cisimidazoline analogs termed Nutlins and, more recently, a spirooxindole-derived compound termed MI-219 (22, 23) .
Peptides, because of their large interacting surfaces, offer the prospect of enhanced potency, high specificity and low toxicity. However, most of the peptidic and peptidomimetic inhibitors examined to date bind MDM2 at affinities ranging from high nanomolar to low micromolar concentrations, and none is nearly as effective as Nutlins and MI-219 in tumor killing in vitro (21) . Further, because the structural basis for MDMX inhibition is much less understood than that for MDM2 inhibition, antagonists designed for MDM2 are, in general, significantly less inhibitory toward MDMX. Potent peptide inhibitors against MDM2 and/or MDMX are needed as important cellular probes of the p53 pathway in cancer biology and as useful templates for structure-based rational design of different classes of p53 activators for potential therapeutic use. Here, we report identification and functional and structural characterizations of a high-affinity peptide inhibitor, termed PMI (p53-MDM2/MDMX inhibitor), of p53 interactions with both MDM2 and MDMX. Fig. S1 are the amino acid sequences from 15 binding clones obtained after 4 rounds of selection. Two consensus sequences emerged for both MDM2 and MDMX: LTFEHY-WAQLTS, also termed pDI (24) , and PMI-TSFAEYWNLLSP. The 3 most critical residues involved in p53-MDM2/MDMX recognition, i.e., Phe-19, Trp-23 and Leu-26 (p53 numbering), were all present in the phage-selected consensus sequences. pDI was recently identified from the same Ph.D. -12 TM phage library, using GST-tagged recombinant MDM2 and MDMX immobilized on glutathione-agarose beads (24) . However, because of low solubility and relatively weak activity of pDI, this work focused only on PMI, which is highly soluble in aqueous solution and of higher affinity for MDM2 and MDMX than pDI. Two p53 peptides, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 (SQETFSDLWKLLPEN) and (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53 (ETFSDLWKLLPE), were used for comparison.
Results

PMI-a Potent
We quantified direct interactions between syn MDM2/ syn MDMX and the 3 peptide inhibitors, using isothermal titration calorimetry (ITC), and the results are tabulated in Table S1 (see Fig. S2 for additional data). PMI bound to syn MDM2 and syn MDMX with K d values of 3.3 and 8.9 nM, respectively, Ϸ20-fold stronger than (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 for either protein. Compared with that of (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53-the wild type sequence of the same length, the binding affinity of PMI increased by a factor of 89 for MDM2 and of 43 for MDMX. In both cases, favorable enthalpy changes overcame unfavorable entropy changes, contributing to a dramatically enhanced binding of PMI to syn MDM2 and syn MDMX.
To verify the ITC results, we devised a surface plasmon resonance (SPR)-based competition assay, in which (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 was immobilized on a CM5 sensor chip for kinetic analysis of a fixed concentration of syn MDM2 (50 nM) or syn MDMX (100 nM) preincubated with varying concentrations of PMI, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53, or (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53. Nutlin-3-a racemic mixture of Nutlin-3a and Nutlin-3b (23) , was used as a control. As shown in Fig. 1 50 : 90 nM for Nutlin-3a and 13.6 M for Nutlin-3b) (23) . Importantly, compared with (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53, PMI bound to syn MDM2 135-fold stronger and to syn MDMX 156-fold tighter. Our data suggest that PMI, with low nanomolar affinities for both MDM2 and MDMX, is one of the strongest peptidic inhibitors of the p53-MDM2/MDMX interactions ever reported.
PMI Binds to MDM2 and MDMX in a Canonical Mode Previously
Described for p53 Peptides. The overall structures of human syn MDM2 and syn MDMX are similar, as evidenced by a root mean square deviation (rmsd) of 1.2 Å between superimposed C ␣ atoms.
syn MDM2 and syn MDMX share the basic structural elements and conserved global fold reported for human MDM2 (23, (25) (26) (27) (28) and zebra fish MDMX (29) . Both molecules are characterized by structural repetition of 2 assemblies of a ␤␣␤␣␤ topology, which are related by an approximate dyad axis of pseudosymmetry (Fig. 2) . Superposition of syn MDM2 and syn MDMX points toward a large structural variation in the C-terminal half of the molecules, whereas the N-terminal halves are nearly identical. Except for the loop regions, the largest conformational changes are located in the ␣2Ј helix, stemming from a change of His-96 in MDM2 to Pro-95 in MDMX. Fig. 1 . Quantification of the interactions of syn MDM2 (50 nM) and syn MDMX (100 nM) with varying concentrations of PMI, pDI, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53, or Nutlin-3 by SPR-based competition assays. Each curve is the mean of 4 independent measurements at 25°C in 10 mM Hepes, 150 mM NaCl, 0.005% surfactant P20, pH 7.4. Nutlin-3 was too weak for syn MDMX and is not reported. Solubility of both Nutlin-3 and pDI decreased at the highest concentrations used, attributing to an upward curvature of the inhibition curves for syn MDM2-Nutlin-3 and syn MDMX-pDI. Interestingly, a crystallographic 2-fold axis generates a dimer of the PMI-syn MDM2 complex (Fig. S3) , although no evidence for dimerization has been found using native gel electrophoresis and size exclusion chromatography.
The N-terminal transactivation domain of p53 encompasses T 18 (32) (33) (34) , dock, in an amphipathic ␣-helix, inside a hydrophobic cavity of the oncoprotein (25) . Not surprisingly, PMI retains the functionally conserved hydrophobic triad, Phe-3/Trp-7/Leu-10. Structural analysis indicates that the Phe-3-binding pockets are nearly identical in MDM2 and in MDMX. However, the Trp-7-binding pockets slightly differ in geometry (Leu-54 and Ile-99 in MDM2 versus Met-53 and Leu-98 in MDMX). Nevertheless, the Phe/Trp dyads of PMI and p53 appear indistinguishable in MDM2/MDMX binding, as indicated by calculations of buried surface area (BSA) and binding energy (Table S2 ). In contrast, the Leu-10-binding pocket in MDM2 (lined by Leu-54, Val-93, His-96, Ile-99, Tyr-100) differs from that in MDMX (lined by Met-53, Val-92, Pro-95, Leu-98, Tyr-99), mainly because of the shift of the ␣2Ј helix caused by the His-96 to Pro-95 change. Because Leu-10 of PMI is buried in the peptide-protein complexes to a different extent from Leu-26 of p53, the energetic contribution of that position may be context-dependent.
In addition to the hydrophobic interactions, 3 intermolecular H-bonds contribute to PMI binding to MDM2 and MDMX. The same number of intermolecular H-bonds is also present in the p53-MDM2 complex between Phe-19 N, Trp-23 N 1 , and Asn-29 OXT of the peptide and Gln-72 O 1 , Leu-54 O, and Tyr-100 O of the protein, respectively (25) . However, the H-bonding patterns involving Tyr-100 in PMI-syn MDM2 and Tyr-99 in PMIsyn MDMX differ. Tyr-100 O donates an H-bond to Leu-10 O of PMI, whereas Tyr-99 O forms an H-bond with Ser-11 N of PMI, reflecting structural differences in the C-terminal region of PMI and in the vicinity of Tyr-100/Tyr-99 between different proteinpeptide complexes.
PMI Differs from p53. A secondary-structure analysis, using the Kabsch-Sander algorithm (35) , reveals that the ␣-helix of PMI is more extended than that of p53. In PMI, the regular ␣-helix starts at Phe-3 and ends at Asn-8 (6 residues), followed by a helical turn comprising Leu-9 and Leu-10 in MDM2 and only Leu-9 in MDMX. By contrast, the regular ␣-helix in p53, starting at Phe-19 and ending at Trp-23, is shortened by 1 residue. Two (i, i ϩ 3) ϾCAO⅐⅐⅐HNϽ H-bonds involving Trp-7-Leu-10 (3.0 Å) and Asn-8-Ser-11 (3.3 Å) in PMI-syn MDM2, or the Trp-7-Leu-10 H-bond (3.1 Å) in PMI-syn MDMX, are missing in the helical turn region of p53 (Fig. 3) . Further, Ser-2 of PMI participates in a more extensive and stronger H-bonding network than does Thr-18 of p53. In addition to Ser-2 O-Glu-5 N and Ser-2 O-Tyr-6 N-two backbone H-bonds also found for Thr-18 of p53, PMI possesses 2 additional main chain-side chain H-bonds, i.e., Ser-2 N-Glu-5 O 1 (2.8 Å in MDM2 and 2.9 Å in MDMX) and Ser-2 O ␥ -Glu-5 N (3.1 Å in both MDM2 and MDMX) (Fig. 3) . Optimally aligned, these two H-bonds likely contribute to the conformational stability of PMI in the MDM2/MDMX complex. By contrast, the topologically equivalent main chain-side chain H-bonds involving Thr-18 of p53, i.e., Thr-18 N-Asp-21 O ␦2 (3.5 Å) and Thr-18 O ␥1 -Asp-21 N (3.6 Å) (25) , appear too long to be energetically significant. It is worth noting that a side chain-side chain H-bond was thought to exist between Thr-18 O ␥1 and Asp-21 O ␦2 as part of the Thr-18-Asp-21 H-bonding network important for p53 stability (25) . Similar interactions also exist between Ser-2 O ␥ and Glu-5 O 1 in PMI-MDM2 and PMI-MDMX.
Tyr-6 of PMI or Leu-22 of p53 makes van der Waals contacts with Val-93 of MDM2 or Val-92 of MDMX. As reported in refs.
24 and 36, Tyr is strongly selected by phage display over a Leu residue at the same position. This selection probably can be rationalized by the tyrosyl side chain capable of making additional hydrophobic, -cation, and electrostatic interactions with residues inside the PMI-binding pocket. Tyr-6 forms cationinteractions with Lys-94 of MDM2 or possibly Lys-93 of MDMX. Further, the buried surface area of Tyr-6 of PMI is significantly larger than that of Leu-22 of p53 (Table S2) . Finally, the hydroxyl group of Tyr-6 participates in an elaborate, water-mediated H-bonding network comprising the side chain(s) of Gln-72 and Lys-94 of MDM2 or Gln-71 of MDMX (Fig. S4) .
syn MDM2-PMI Differs from syn MDMX-PMI. The most profound structural difference between the 2 complexes centers on the 2 C-terminal residues (Ser-11 and Pro-12) of PMI in the vicinity of Tyr-100/Tyr-99 (Fig. 4) . In the syn MDM2-PMI complex, Pro-12 of PMI is fully disordered (refer to the electron density map, Fig. S5 ), and the side chain of Ser-11 does not contribute to MDM2 binding. This finding is consistent with the previous observation that C-terminal residues flanking Leu-26 of p53 (equivalent to Leu-10 of PMI) do not make direct contact with MDM2 (25) . The aromatic ring of a protruding Tyr-100, Hbonded to the carbonyl O of Leu-10 of PMI, appears to ''squeeze out'' Ser-11 and Pro-12 to point away from the protein. By contrast, structurally ordered Ser-11 and Pro-12 of PMI fit snugly in the syn MDMX-PMI complex, where Tyr-99 recesses to form an H-bond with Ser-11 N of the peptide.
The ␣2Ј helix of MDMX moves outward in relation to the ␣2Ј helix of MDM2, coinciding with the C ␣ atoms of His-96 of MDM2 and Pro-95 of MDMX moving apart by 2.4 Å. This change . Notably, Leu-10 of PMI is largely shielded from the bulk solvent by His-96 and Tyr-100 of MDM2 (a BSA of Leu-10: 122 Å 2 ). However, it becomes less buried in the complex with MDMX (a BSA of Leu-10: 84 Å 2 ) as a result of the significant conformational change in the ␣2Ј helix region. Pro-12 interacting with its newly formed hydrophobic cleft in syn MDMX-PMI likely compensates, at least in part, for the lost binding energy by a partially exposed Leu-10.
Discussion
Inhibition of p53 interactions with the oncogenic proteins MDM2 and MDMX is of important therapeutic value in cancer treatment. However, potent inhibitors active at low nanomolar concentrations against both MDM2 and MDMX are nonexistent. Using phage display coupled with chemical protein synthesis via native chemical ligation (37, 38) , we identified PMI-the strongest peptide ligand ever reported for MDM2/MDMX. Further, high-resolution crystal structures of syn MDM2 and syn MDMX in complex with PMI have been determined, unveiling not only the structural differences between MDM2 and MDMX but also the molecular determinants for high-affinity peptide inhibition of the 2 oncogenic proteins.
PMI binds MDM2 and MDMX similarly to p53 peptides. However, the improvement in binding affinity of PMI over (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53 by 2 orders of magnitude was surprising, partly because both peptides contained the same hydrophobic triad, Phe/Trp/Leu, known to be most critical for p53 transactivation and for MDM2 interactions (32) (33) (34) 39) . Structural analyses of the PMI complexes and of p53-bound MDM2/MDMX structures suggest that an extensive, tightened intramolecular H-bonding network found in PMI likely plays an important role in stabilizing its more extended ␣-helical conformation in the complex, thus contributing to high-affinity PMI binding to the oncoproteins. Central to the N-terminal Hbonding network in PMI is Ser-2, which donates and accepts up to 5 H-bonds as judged by their geometry. Not surprisingly, mutation of Ser-2 to Ala reduced the binding affinity of PMI for MDM2 by 1 order of magnitude, underscoring the importance of intramolecular hydrogen bonding in PMI-MDM2/MDMX interactions. It has been shown that Thr-18, highly conserved in p53 and important for MDM2 binding, can be substituted only by Ser (31) . Consistent with the structural findings, the results from ITC measurements showed that the free energy of association gained by PMI over (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53 for MDM2/MDMX came entirely from a favorable enthalpy change counteracted by an unfavorable entropy change. A greater entropy loss for PMI (Table S1 ) was indicative of a more stable peptide conformation in the complex than (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) p53.
An enhanced ␣-helicity of PMI and the tightening of its intramolecular H-bonding network seen in the MDM2 and MDMX complexes likely result, at least in part, from the selection of Ser-11 (as opposed to Pro-27 in p53). Zondlo et al. recently showed that mutation of the highly conserved Pro-27 in (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) p53 to Ser increased its binding affinity for MDM2 by 50-fold (a decrease in K d from 229 to 4.7 nM) (40) . The authors attributed the improvement in MDM2 binding to increased ␣-helicity of the peptide in the complex-a thesis largely confirmed in a molecular dynamic simulation study by Dastidar et al. (41) .
One of the most interesting structural findings entails the Cterminal residue Pro-12 of PMI interacting with a hydrophobic cleft unique to MDMX. Pro-12 is the third most buried residue at the PMI-MDMX interface with the second highest solvation energy effect (Table S2) . By contrast, residues flanking Leu-26 of p53 do not make energetically meaningful contact with either human MDM2 or zebra fish MDMX (25, 29) . In fact, deletion of Ser-11 and Pro-12 in PMI, while exhibiting little effect on MDM2 binding, weakened MDMX binding by 1 order of magnitude (K d jumped from 3.6 to 29 nM), indicative of the importance of Pro-12 in binding MDMX but not MDM2. As shown in the known structures of MDM2 and zebra fish MDMX (23, (25) (26) (27) (28) (29) , the geometry of the binding pocket for the C-terminal residues of p53 hinges on the conformation of Tyr-100 of MDM2 or Tyr-99 of MDMX. The orientation of Tyr-100 or Tyr-99 seen in different MDM2 and MDMX complex structures (Fig. 5) is clearly determined not only by the intrinsic properties of the ␣2Ј helices but also by the chemical nature of the C-terminal residues of the ligand, supporting the notion that mutual conformational modulation of a protein-peptide complex leads to higher affinity (41) . The hydrophobic binding cleft in MDMX induced by Pro-12 of PMI obviously affords an excellent opportunity to fine-tune binding affinity and specificity for MDM2/ MDMX inhibitors.
Finally, it is worth noting that PMI, despite its high binding affinity for MDM2/MDMX, is much less active than Nutlin-3 in the killing of p53 ϩ/ϩ HCT116 cells (Fig. S6) . The attenuated cytotoxic activity in vitro may reflect a low intracellular concentration of PMI, likely resulting from a combination of proteolytic degradation, inefficient cellular uptake, and endosomal sequestration (42) . For these reasons, peptide inhibitors as potential therapeutic agents are generally considered ''undruggable'' compared with traditional low molecular weight compounds. Importantly, however, the discovery of small molecule drugs depends on high-resolution crystal structures of MDM2/MDMX complexed with high-affinity peptide ligands (22, 23) . The information obtained from high-affinity peptide inhibition of MDM2/MDMX is equally valuable for the design of miniature proteins that potently activate the p53 pathway and effectively kill p53 ϩ/ϩ tumor cells in vitro (24, 43, 44) . Our structural work reported here should aid in silico library screening and structure-based rational design of different classes of p53 activators for anticancer therapy.
Shortly before we submitted this manuscript, the crystal structure of human MDMX in complex with (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 at 1.9 Å resolution was reported (45) . The complex structure is very similar to zebra fish MDMX- (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 used for comparison in our article. Superposition of human MDMX- (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 and syn MDMX-PMI yielded a RMSD of 0.8 Å. As observed in zebra fish MDMX- (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 (29) , the C-terminal residues of p53 (Pro-27 and Glu-28) are loosely bound to human MDMX with a single stabilizing H-bond between Tyr-99 O and Pro-27 O. The hydrophobic cleft for Pro-12 of PMI seen in syn MDMX-PMI is not formed in the human MDMX- (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 complex.
Materials and Methods
Phage Display. Ph.D.-12-a combinatorial library of random peptide 12-mers fused, via a short spacer GlyGlyGlySer, to the N terminus of a minor coat protein (pIII) of M13 phage-was purchased from New England Biolabs, Inc. The basic procedures for library screening are as follows: (i) incubate input phage (10 L) with 400 L of 10 nM biotin-syn MDM2/biotin-syn MDMX for 60 min before adding phage-target solution to 50 L of streptavidin-agarose resin (Pierce) for affinity capturing; (ii) wash unbound phage; (iii) elute bound phage with 1 mM (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53; (iv) amplify the eluate and collect phage for the next round of panning; (v) repeat steps 1-4; (vi) sequence selected binding clones according to the procedures recommended by the manufacturer.
Surface Plasmon Resonance (SPR) Spectroscopy. Competition binding kinetics was carried out at 25°C on a Biacore T100 SPR instrument, using a (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53-immobilized CM5 sensor chip (17 RUs for MDM2 and 36 RUs for MDMX). The buffer was 10 mM Hepes, 150 mM NaCl, 0.005% surfactant P20, pH 7.4. 50 nM syn MDM2 or 100 nM syn MDMX was incubated at room temperature for 30 min with varying concentrations of inhibitor, and injected at a flow rate of 20 L/min for 2 min, followed by 4 min dissociation. The concentration of unbound syn -MDM2 or syn MDMX in solution was deduced, based on p53-association RU values, from a calibration curve established by RU measurements of different concentrations of syn MDM2 or syn MDMX injected alone. Nonlinear regression analysis was performed using GraphPad Prism 4 to give rise to Kd values. Protein and peptide solutions were quantified by UV absorbance measurements at 280 nm, using molar extinction coefficients calculated from an algorithm published in ref. 46 .
Structure Determination and Refinement. Conditions for crystallization and data collection are described in SI Text. The structures of both complexes were solved by molecular replacement, using Phaser (47) and search models based on the previously solved and refined structures of MDM2- (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 (PDB entry 1YCR) and zebra fish MDMX- (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) p53 (PDB entry 2Z5T) (25, 29) . The structures were refined to 1.65 Å for syn MDM2-PMI (R ϭ 0.155; Rfree ϭ 0.194) and 1.63 Å for syn MDMX-PMI (R ϭ 0.154; Rfree ϭ 0.168) with the program Refmac (48) , and rebuilt using the program COOT (49) . Parameters for data collection and results of refinement are summarized in Table S3 . The atomic coordinates of syn MDM2-PMI (3EQS) and syn MDMX-PMI (3EQY) have been deposited in the Protein Data Bank.
Note Added in Proof. Several new MDMX structures have been determined in complexes with a single-domain antibody (PDB ID code 2VYR) (50), peptidomimetic inhibitors (PDB ID codes 3FE7 and 3FEA) (51) , and pDI (PDB ID code 3FDO).
